The need to protect imperiled salmon stocks along the Pacific coast of North America has led to an increasing use of mark-selective fisheries (MSFs) as a management strategy to reduce harvest mortality of wild salmon while allowing harvest of abundant hatchery salmon. However, MSFs remain untested in ocean fisheries for Chinook salmon Oncorhynchus tshawytscha off the coasts of California and Oregon, where hatchery fish have been estimated to compose the majority of Chinook salmon but where harvests have been restricted to protect several imperiled stocks. We developed a quantitative framework based on conventional cohort models to examine how aggregate ocean harvest and in-river escapement of Sacramento River fall-run Chinook salmon, the numerically dominant stock in the region, would have differed under MSF scenarios compared with the historic, traditional fishery. 
from the 2008 brood (PSC 2009) . Washington State, which pioneered ocean MSFs for coho salmon and Chinook salmon in Puget Sound (Hoffman and Patillo 2008) , is rapidly expanding the use of MSFs to many ocean and freshwater areas (PSC 2009) .
The counterbalancing goals of society and fisheries management (i.e., to both conserve and exploit salmon populations) have fueled the debate as to whether hatchery-produced salmon are more of a risk or a benefit to the recovery of weak stocks (e.g., Brannon et al. 2004; HSRG 2005) . Hatchery salmon can pose risks to the viability of wild populations through interbreeding and attraction of fishing effort (Ruckelshaus et al. 2002; Good et al. 2005) . Under some circumstances, however, hatchery fish have been used as a tool to help sustain endangered populations while also providing alternative harvest opportunities (Brannon et al. 2004; Good et al. 2005; HSRG 2005) . Broad regional efforts to design hatchery reforms that reduce impacts of hatchery fish on wild populations have concluded that hatcheries and harvest are integrally linked in current salmon management and that important hatchery reforms cannot succeed without harvest reform (Blankenship and Daniels 2004; HSRG 2005 HSRG , 2009 . To this end, mass marking has been recommended as a potentially valuable tool for both harvest management and hatchery reform, allowing fisheries to target hatchery fish and providing a means to identify, monitor, and potentially limit hatchery fish in natural spawning areas (Blankenship and Daniels 2004; Olson et al. 2004; HSRG 2005) .
The use of mass marking in combination with MSFs has not been tested or formally proposed for Chinook salmon in the extensive ocean fisheries of California and southern Oregon (Figure 1 ), although several factors suggest that the use of MSFs would be beneficial. These mixed-stock fisheries are dominated by Sacramento River fall-run Chinook salmon (SRFC) of California's Central Valley (CV; Winans et al. 2001; O'Farrell et al. 2008) . Hatchery releases of SRFC (roughly 25 million juveniles/year) currently represent the largest predominantly unmarked hatchery group south of British Columbia. The proportion of hatchery fish among the returning adult SRFC is unknown but may be as high as 90% (Barnett-Johnson et al. 2007 ). However, ocean fisheries that target abundant SRFC are constrained by regulations designed to limit harvests of Endangered Species Act (ESA)-listed Chinook salmon stocks (Sacramento River winter run, CV spring run, and California coastal [CC] fall run); in several recent years, fisheries were also heavily constrained to protect Klamath River Chinook salmon (PFMC and NMFS 2007; KRTAT 2009 ). Moreover, beginning in 2007, SRFC experienced dramatic declines in abundance (O'Farrell et al. 2008) , raising concerns over the long-term viability of SRFC populations and the ocean fisheries they support.
For Chinook salmon, however, the expansion of MSF strategies is controversial (PSC 2005; PSC 2008) . Broad-scale applications of MSFs will seriously undermine aspects of current management frameworks and monitoring programs that rely on the recovery of coded-wire tags (CWTs; PSC 2005 PSC , 2008 . For several decades, the adipose fin clip has been the unique identifier of hatchery and wild Chinook salmon that have been tagged with CWTs. Consequently, under MSFs, it would not be possible to directly estimate fishery-specific exploitation rates and incidental mortality of unmarked (wild) fish by using CWTs (PSC 2005) . The mass marking of hatchery juveniles is costly and also complicates sampling programs that are designed to recover CWTs in fishery and spawning areas (PSC 2005) . Thus, implementation of MSF programs is expensive and logistically difficult and compromises key management information. Moreover, the ability of MSFs to protect depressed wild stocks will depend critically on the catch-and-release mortality rates of unmarked fish (Lawson and Sampson 1996) , which may be substantial in some fisheries (e.g., Grover et al. 2002) .
Clearly, a comprehensive evaluation of the potential utility of an MSF program directed at SRFC would require the consideration of numerous factors. Prominent among them is an examination of the potential effects of MSFs on harvest and spawning escapement of naturally producing populations. Indeed, while broad use of MSFs for ocean harvesting of salmon was recommended in the programmatic environmental impact statement prepared by the National Marine Fisheries Service (NMFS 2003) , it was "with the caveat that the benefits to the fishery and to natural escapement would have to be evaluated against the cost on a case-by-case basis."
In this paper, we use retrospective analyses to examine how ocean harvests and in-river escapements of SRFC would differ under MSF scenarios in comparison with the historic, traditional fishery. Current data limitations for SRFC present analytical challenges and preclude precise inferences of MSF outcomes, particularly for harvests, which depend on unknown abundances of hatchery fish. Thus, our goal was to develop a quantitative framework-based on conventional cohort models used in assessments of California Chinook salmon hatchery populations-to determine plausible and informative ranges of MSF outcomes for SRFC and the key uncertainties affecting those outcomes. We focus on aggregate measures of ocean harvest and in-river escapement, which provide useful insight for comparing the expected outcomes of transitioning from the traditional fishery to MSFs.
STUDY AREA AND FISHERIES
Ocean fisheries for Chinook salmon that extend from Cape Falcon, Oregon, to as far south as Monterey, California (Figure 1) , are regulated by the Pacific Fishery Management Council (PFMC) in cooperation with state and tribal agencies. Commercial and recreational fishing is typically conducted by trolling, although a technique known as "mooching" has become popular in recreational fisheries of southern California (Boydstun 2001; Grover et al. 2002) . Since the mid-1970s, commercial harvests have accounted for roughly 75% of the Chinook salmon landed at California ports (NMFS 2003; O'Farrell et al. 2008) .
Ocean abundances in this region have been dominated by Chinook salmon from California's CV, particularly the hatchery-supplemented populations of SRFC (Winans et al. 2001; O'Farrell et al. 2008) . For example, genetic sampling of Chinook salmon landed in test fisheries from 1997 to 1999 found that 89-95% of the fish caught from Point Conception to Bodega Bay ( Figure 1) were CV fall-run Chinook salmon (Winans et al. 2001) , while roughly 60% of the Chinook salmon sampled from central Oregon troll fisheries in 2006 were CV Chinook salmon (CROOS 2007a) . These fisheries have frequently been constrained to protect ESA-listed Chinook salmon stocks (CV winter run, CV spring run, and CC), which constitute less than 10% of available Chinook salmon (Winans et al. 2001) .
Abundances of hatchery-origin Chinook salmon in these fisheries have been substantial but rarely quantified. Currently, at least 30 hatchery programs produce and release about 32 million juvenile Chinook salmon in rivers south of Cape Falcon (Pacific States Marine Fisheries Commission, Regional Mark Processing Center, unpublished data). Roughly 77% (25 million) of released fish are from CV programs, and most are SRFC released from the Coleman National Fish Hatchery, Feather River Fish Hatchery, and Nimbus Fish Hatchery (Figure 1 ). Klamath Basin hatcheries produce about 18% of the total, while programs for other coastal rivers are relatively small. In the only study designed to distinguish between fish of hatchery and natural origin in California ocean harvests, an estimated 90% of Chinook salmon were found to be of hatchery origin based on otolith microstructure (Barnett-Johnson et al. 2007 ). In 2007, the California Department of Fish and Game (CDFG) initiated a "constant fractional marking" program to apply fin clips and CWTs to at least 25% of all Chinook salmon from CV hatcheries and up to 100% of Chinook salmon belonging to some special groups. However, most of the Chinook salmon that are currently released from CV hatcheries are unmarked.
The large-scale production of hatchery Chinook salmon that mingle with weak stocks off the California and Oregon coasts results in classic mixed-stock fisheries, and regulatory constraints on weak stocks have led to different management strategies and harvest rates in the region. In the area south of Point Arena, California (known as the CV Index Area), harvest is constrained by the weakest stock in the area during each year. Traditional regulations for protecting CV winter-run and spring-run Chinook salmon have included minimum size limits, seasonal and area closures, trip limits, and harvest quotas (Boydstun 2001) . South of Point Arena, harvest rates ranged from 50% to 80% during the 1980s but declined to a range of 25-60% after 1998 25-60% after (PFMC 2008a . In addition, harvesting is highly constrained in the Klamath Management Zone (KMZ; northern Californiasouthern Oregon; Figure 1 ), which was established to manage escapement objectives and in-river tribal harvest allocations of Klamath River fall-run Chinook salmon (KRFC). Harvest rates are greatest for age-4 KRFC; these rates averaged 45% during [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] , but since 1991 the rates have been managed to achieve a target of 16% or less to protect ESA-listed CC Chinook salmon (NMFS 2000) . In summary, weak stock concerns have increasingly constrained Chinook salmon harvest rates since the mid-1980s, resulting in large surpluses of CV hatchery Chinook salmon that go unharvested in some years (e.g., Williams 2006) .
METHODS
We first describe a cohort model for tracking ocean abundances, fishery impacts, and spawning escapement for Chinook salmon populations under the traditional fishery as well as MSFs. We then apply the model to SRFC to examine how historic harvest and escapement might have differed under MSF scenarios.
Generic Cohort Model
The following cohort model accommodates the general life history and ocean fishery characteristics of California Chinook salmon populations. The model is largely based on methods used in cohort reconstruction of hatchery Chinook salmon populations (Goldwasser et al. 2001; Palmer-Zwahlen et al. 2006) . There is no production function (e.g., stock-recruitment relationship) in the model; rather, annual ocean abundances (recruitments) of an initial age are assumed or estimated and then propagated over time through fisheries and to spawner escapement. The key variables and notation of the cohort model are defined in Table 1 . For brevity, the core equations (1)- (8) 
Equation number Equation Description
(1)
Total fishery impacts
Abundance next year of the model are summarized and referenced in Table 2 , whereas equations (9)- (18) are displayed in the text. We begin with the description of mortalities due to fishing, which closely follows the equations and notation of Prager and Mohr (2001) . Calculations of fishing mortality start with ocean abundances by age (N a ) on September 1. While equations can be generalized to any set of age-classes, we limit ages (a) to the predominant "adult" age-classes (ages 3, 4, and 5) that are observed in harvests and escapements of California fall-run Chinook salmon populations (O'Farrell et al. 2008; KRTAT 2009 ). Thus, a ∈ {3, 4, 5}, with ocean abundances of age-3 fish (N 3 ) representing the initial recruitment of a given cohort.
All sources of fishing mortality depend on the number of fish that are "contacted" by the ocean fishery (i.e., the number of fish that are hooked and successfully retrieved) as defined in equation (1) of Table 2 . In equation (1), C a denotes the number of contacts by age, c 4 is the contact rate of fully recruited age-4 fish (i.e., c 4 = C 4 /N 4 ), and v a is the contact vulnerability relative to age-4 fish (i.e., v a = c a /c 4 and thus v 4 ≡ 1). Given the specified contacts, three age-specific sources of fishing mortality are computed: harvests (H a ), which depend on the proportion (l a ) of fish that are of legal size; catch-and-release (or "shaker") mortalities (R a ), consisting of sublegal-sized fish that are caught and released but later die of injury (with catch-and-release mortality rate r a ); and drop-off mortalities (D a ), which are fish that are assumed to have been hooked but lost before retrieval and to have died due to gear-inflicted injury or predation. These three sources of fishing mortality are defined in equations (2)-(4), where drop-offs (D a ) are an assumed added fraction (d a ) of the contacts (Table 2) . Thus, the total fishery "impact" for age a (I a ) is the sum of H a , R a , and D a (equation 5 in Table 2 ). Annual rates of harvest (h a ) and impact (i a ) are defined relative to the initial ocean abundance-that is, h a = H a /N a and i a = I a /N a ( Table 1) .
Applications of cohort reconstruction typically use monthly time steps to remove fishery impacts before applying natural mortality (or survival) rates (Goldwasser et al. 2001; PalmerZwahlen et al. 2006) . The monthly sequence of calculations provides a final ocean abundance, denoted N * a , on the last day of the last month (August 31) just prior to maturity. However, due to limited data, our application requires an annual time step. A simple and close approximation of the monthly based N * a can be obtained by assuming that all fishery impacts (I a ) occur at a specific fraction of the year, denoted τ a . Partitioning the annual survival rate (s a , in the absence of fishing) between the initial period (τ a ) and the remainder of the year (1 − τ a ) yields
which simplifies to equation (6) in Table 2 . When fishing occurs in various months, τ a represents the weighted mean fraction of the year, with weights equal to the monthly impacts (e.g., τ = 0 corresponds to exclusive September fishing; τ = 1/12 corresponds to weighted mean impacts occurring in October; etc.).
Given values of N * a and maturity rates (m a ) in year t, the in-river spawner escapement (E) in year t and initial ocean abundance in year t + 1 are given by equations (7) and (8), respectively (Table 2) . Thus, given initial recruitments (N 3,t ), cohorts are propagated across years via equations (1)- (8) to provide H and E by age and year. Harvest and E will be conditional on the suite of cohort parameters (c 4 , v, l, r, d, s, τ , and m; Table 1) , the quantities of which may be age specific (except c 4 ), fishery specific, year specific, or some combination of these.
Traditional fishery.-The above cohort model applies to traditional fisheries in which there are (1) set size limits above which fish may be retained and (2) no distinctions between hatchery-origin (hatchery) and natural-origin (natural) fish. However, to compare H and E between the traditional fishery and MSFs, we partition total ocean abundances into hatchery and natural components:
where f is the "hatchery fraction" or proportion of fish of hatchery origin. Under a traditional fishery, H and E of hatchery and natural fish follow directly from equations (1)- (8), with initial abundances defined as in equation (9). Mark-selective fishery.-The cohort model was adapted to an MSF scenario as follows. Under an MSF, we make several important assumptions: all fish of hatchery origin are marked and therefore identifiable in the ocean fishery; all hatchery fish of legal size are kept by the fishery, whereas all unmarked, natural-origin fish must be released; and the cohort parameters and ocean distributions of hatchery-origin and natural-origin fish are similar such that they have the same values of s, m, v, and so on. However, fishing regulations (e.g., effort and size limits) for hatchery fish under an MSF may differ from those of a traditional fishery depending on the management objectives for commercial and recreational fisheries.
Under this scenario, MSF harvests (H ) are limited to hatchery fish, with age-specific harvest and impact given by (from
wherec 4 denotes the MSF age-4 contact rate andl represents the MSF proportion of legal-sized hatchery fish. In contrast, MSF impacts for natural-origin fish are limited to R and D, as all natural fish that are contacted must be released (i.e., l a = 0):
Here, the calculation of R assumes that a given fish is contacted only once during the annual fishery. This "single-encounter" assumption is reasonable under the traditional fishery calculations (equation 3), in which proportions of sublegal-sized fish are generally low and such fish may grow during the fishing season to later exceed size limits. However, under an MSF, the singleencounter assumption will become increasingly unrealistic for natural fish as c increases. This is because all contacted natural fish must be released and the majority of these fish will survive and may be vulnerable to recapture, especially when c is high. Lawson and Sampson (1996) considered the case in which fish may be caught and released multiple times (a Poisson process), and they showed that the mortality rate (R/N) for unmarked fish under this "multiple-encounter" scenario is equal to
where c is the contact rate (equivalent to the harvest rate assumed by Lawson and Sampson 1996; see their equation 14) . In contrast, the mortality rate under the single-encounter assumption is simply defined as R/N = cr. The multiple-encounter mortality rate will always be greater than the single-encounter mortality rate, and the two rates will diverge as c increases. Incorporating the multiple-encounter definition for R (equation 13) gives the following expression for fishery impacts on natural fish:
The key assumptions underlying the multiple-encounter scenario in equation (13) are that (1) all fish of a given age are randomly mixed and equally vulnerable to capture and (2) fish that survive capture and release are immediately available for recapture. When considering the total ocean fishery on an annual basis, as is done here, the impacts implied by the single-and multiple-encounter cases represent two extremes. Conditional on specific parameters, the single-encounter case represents a minimum assessment of impacts and is appropriate when all fishing occurs instantaneously such that no recaptures occur. In contrast, the multiple-encounter case provides a maximum assessment of impacts and is appropriate when all fishing applies to all fish equally, with each capture being processed before another capture takes place. The actual effect of fishing likely lies somewhere in between these two extremes, as would be the case when fish and fisheries are spatially segregated during discrete time periods, for example. To be conservative, however, we used the multiple-encounter assumption to compute natural impacts (equation 14) under MSFs in all analyses of SRFC.
Fishery comparisons.-Our interest lies in comparisons of H and E between the traditional fishery and MSFs. We are specifically interested in annual total harvest and natural-origin escapement, which are sums across adult ages:
and
These quantities can be easily computed and compared for traditional fisheries and MSFs under various "hypothetical" scenarios. We focus instead on a retrospective assessment for SRFC. Nevertheless, it is useful to consider a cursory assessment of expected outcomes based on analytical expressions. Formulas for annual H and E are complicated when expressed as sums across ages, but they provide quick insight when limited to a given age. For example, consider the ratio of harvest from an MSF (equation 10) to harvest from a traditional fishery
Thus, differences depend on a few key parameters, with relatively high MSF harvests observed when the hatchery fraction f is high or when either the MSF age-4 contact rate (c 4 ) or the MSF proportion of legal-sized fish (l) is greater than that of the traditional fishery (i.e., c 4 or l).
Similarly, the ratio of age-specific natural E for an MSF to that for a traditional fishery can be expressed as (combining equations 5-7, 9, and 12, and simplifying):
Although this ratio depends on numerous variables, differences will largely be determined by the relative contact rates (c 4 and c 4 ), the value of l, and the value of r. For example, whenc 4 and c 4 are similar, natural E for an MSF will be relatively high when l is high and when r is low (i.e., when a high proportion of natural fish that would have been harvested under a traditional fishery are released under an MSF and have a high chance of surviving to escapement).
Sacramento River Fall-Run Chinook Salmon
There is very little information regarding age structure, maturity rates, and the proportion of hatchery fish for SRFC populations. Recently, an aggregate abundance index called the Sacramento index (SI) was developed for SRFC (O'Farrell et al. 2008) . The components of the SI (Table 3) are the best available estimates of annual ocean harvest, river harvest, and spawning escapement for SRFC (O'Farrell et al. 2008) . The SI provides total abundances across adult ages (3-5) of hatchery and natural fish combined. The definition of "year" used to compute the SI was consistent with cohort reconstructions-that is, ocean harvests were accrued annually from September 1 (t − 1) through August 31 of year t (O'Farrell et al. 2008) . In our analysis, we define escapement as the total in-river run of SRFC, which includes river harvest (Table 3) . Despite a lack of the age-specific data required to rigorously reconstruct cohort abundances, useful approximations can be obtained by "deconvolving" the aggregate SI harvest and escapement time series (Table 3) into age-specific ocean abundances (Kope and Botsford 1988) . As was described by Kope and Botsford (1988) , the process of deconvolution is the opposite of convolution, in which annual (total) abundances are defined as a weighted sum (convolution) of past recruitments, such as those obtained via the cohort model described above. We adopt a slightly different approach to the multiyear matrix formulation used by Kope and Botsford (1988) . Their formulation used annual effort data to model year-specific harvests and impacts by age, yielding a matrix solution for recruitment estimates across all years. In contrast, we used annual calculations in which we first solved for the recruitment value (age-3 ocean abundance N 3 ) and then computed c 4 . Thus, our approach did not require effort data to indirectly account for year-to-year variation in contact rates; rather, we estimated c 4 explicitly by using the SI time series of total ocean harvest and in-river escapement.
The equations we used to annually estimate N 3 and c 4 are provided in the Appendix. In brief, the deconvolution steps we used to estimate these values were as follows. First, equations for aggregate H and E (i.e., from the SI) were expressed in terms of the fixed cohort parameters, yielding a solution for N 3 that was independent of c 4 . Given the estimate of N 3 , the annual estimate of c 4 was obtained. To start the deconvolution, initial values were required for age-4 and age-5 ocean abundances (N 4 and N 5 ) in the first year (Kope and Botsford 1988) . In all subsequent years, estimates of N 4 and N 5 were provided by the cohort model based on past estimates of recruitment, N 3 (e.g., equation 9). When the deconvolution is stable, the recruitment series converges within several years to a stable set of estimates regardless of the initial guesses for N 4 and N 5 (Kope and Botsford 1988) . In sum, by using the aggregate H and E estimates provided by the SI (Table 3 ) and a set of assumed cohort parameters, we derived time series of age-specific SRFC ocean abundances and c 4 that would have produced the observed H and E.
To generate abundance estimates and compare the traditional fishery and MSFs, baseline values for cohort parameters (Table 4) were set as follows. Some of the baseline values we Kope (1987) . Baseline values for d, r, and s were based on the conventional values used in PFMC analyses for California fall-run Chinook salmon populations. The value for d was 0.05 for all ages (e.g., Goldwasser et al. 2001) . On an annual basis, the conventional values of s for ages 3-5 were 0.58, 0.80, and 0.80, respectively. The value of r depends on the fishery (PFMC 2008b). For commercial troll fisheries, r is equal to 0.26, while the r for ocean recreational fisheries is 0.16 (based on values of 0.14 for trolling and 0.42 for mooching, weighted by their expected proportions; see PFMC 2008b). Finally, we derived a composite r estimate of 0.24 for all ages by weighting the commercial and recreational r-values by the average proportion of commercial (75%) and recreational (25%) ocean harvests observed across years for the SI (Table 3) .
The final-and critically important-parameter was the age-3 hatchery fraction (f 3 ), for which there is little data. The PFMC Salmon Technical Team assumed that 75% of CV Chinook salmon originated from hatcheries (NMFS 2003) . More recent information indicated that roughly 90% of the Chinook salmon off the coast of California were of hatchery origin during the 2 years sampled (Barnett-Johnson et al. 2007 ). In contrast, estimates of adult returns counted at hatchery facilities account for a much lower proportion of total SRFC escapement ("GrandTabs" file; CDFG, unpublished data). The majority of spawners (GrandTabs) are designated as "natural-area" spawners, although the origin of such fish is highly uncertain (e.g., large natural-area spawning abundances often occur in reaches near hatchery facilities, but estimates of hatchery fish straying rates are lacking). We therefore selected a baseline f 3 value of 0.60 (i.e., 60% of age-3 recruits were assumed to be of hatchery origin and therefore marked), which is a relatively conservative estimate given the recent results of Barnett-Johnson et al. (2007) .
Comparisons and sensitivity analyses.-In our "baseline" analysis, we compared estimates for the traditional fishery and MSFs across the final 20 years of the SI (1988-2007; Table 3 ). Deconvolution of age composition for the full SI time series ) required that abundances (N 4 and N 5 ) be supplied in the first year to initiate calculations. Deconvolved abundances converged to stable values by 1988 regardless of the initial values set for N 4 and N 5 . Thus, we used 1988 as the initial year for comparison between historic fishery and MSF outcomes. Note that our baseline comparison refers to outcomes that were computed by using the baseline deconvolution-that is, the deconvolved estimates of age-specific ocean abundance and c 4 that were calculated using the baseline cohort parameters (Table 4) . Unless noted otherwise, MSF contact rates (c 4 ) were set equal to the historic estimates (i.e., c 4 for the traditional fishery), and no size limits for hatchery fish were assumed (i.e.,l = 1).
We then conducted three distinct sensitivity analyses. First, to assess the implications of annual variability in key parameters affecting deconvolved abundances, we generated 500 separate deconvolutions (i.e., 500 sets of admissible age-specific abundances and c 4 ) by using randomly generated values for age-3 maturity rate (m 3,t ) and age-3 vulnerability (v 3,t ) by year. These are the two key parameters for which we expected considerable year-to-year variation, and incidentally, they were the only cohort parameters that appreciably influenced deconvolved estimates. Both m 3 and v 3 were assumed to follow beta distributions with a mean equal to the baseline value (Table 4) Second, we examined the sensitivity of the baseline results to fixed (across all years) changes in age-3 parameter values. In general, we examined parameter values that ranged from plus to minus one-third of the baseline value, except for l 3 and τ 3 . For l 3 , we examined a range from 0.84 to 1.00; for τ 3 , we examined a range from 2 months earlier (April, τ 3 = 0.58) to 2 months later (August, τ 3 = 0.92) than the baseline value. In the case of r, the changes in r applied to all ages.
In our final set of analyses, we examined the implications of changing the MSF contact rate (c 4 ) and the hatchery fraction (f 3 ). For these analyses, we used the last 7 years of SI data (2001) (2002) (2003) (2004) (2005) (2006) (2007) , across which the average historic c 4 was estimated to be 0.32 (32%). Ocean fisheries were frequently constrained during this period to protect weak stocks of concern. For 2001-2007, we estimated MSF outcomes by using three values for the f 3 (40, 60, and 80%). For each f 3 , we examined three values of c 4 (40, 50, and 60%) that could be used as management targets given that they are within the range of c 4 observed over the past two decades.
RESULTS
Estimates of historic ocean abundances and contact rates ( 
FIGURE 2. Deconvolved estimates of historic ocean abundances and age-4 contact rates for Sacramento River fall-run Chinook salmon (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) as derived from the Sacramento index. Baseline estimates (circles) were derived by using the fixed (baseline) cohort parameters. Dashed lines indicate the 10th and 90th percentiles for annual estimates across 500 time series (deconvolutions) in which age-3 maturity and vulnerability rates were randomly generated across years (see text for details). FIGURE 3. Estimates of (A) total adult ocean harvest and (B) in-river escapement of natural-origin fish for Sacramento River fall-run Chinook salmon (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) in the historic traditional fishery (circles) and baseline simulations of mark-selective fisheries (MSFs; triangles). Values for MSFs assume historic contact rates with no size limits on hatchery fish and that the age-3 hatchery fraction is 60%. Dashed lines indicate the 10th and 90th percentiles for annual MSF estimates across 500 time series (deconvolutions) in which age-3 maturity and vulnerability rates were randomly generated across years (see text for details).
trend in recent years, ranging from a high of 63% in 1990 to a low of 19% in 2001 and averaging 43% across years. The addition of random variation in m 3 and v 3 resulted in considerable within-year variation in abundance estimates (especially for 1999-2005) but lower and more stable within-year variation for c 4 (Figure 2 ). Under the assumptions of a constant f 3 of 60%, no MSF size limits on hatchery fish, and historic contact rates, the simulated harvest and escapement of SRFC for the MSF differed appreciably from those for historic fisheries (Figure 3) . Markselective harvests were estimated to be 37% lower than historic H across years, while in-river E of natural fish increased by 119% on average. Despite high within-year variation in abundance estimates (Figure 2) , there was relatively little within-year variation in MSF estimates of natural E and almost no variation in H estimates (Figure 3) . Comparisons between the historic and MSF scenarios were sensitive to a few key parameters. For H, average differences across years between historic and MSF estimates were influenced by assumed values for f 3 and the proportion of age-3 fish that were legal sized (l 3 for the traditional fishery; Figure 4 ). All other parameters had very little (<1%) or no effect on harvest comparisons across the ranges examined (within one-third of the baseline). Note that when MSF size limits for hatchery fish were assumed to equal those for the traditional fishery (l = l), the average decline in MSF harvest increased slightly from 37% to 40% ( = 1 -f ), and in this scenario the changes in l had no influence on harvest differences. Comparisons of natural E were sensitive to more parameters; however, changes in the average difference were generally minimal ( Figure 5 ). Over the ranges examined, values of r (all ages) and τ 3 had the largest influence on differences in natural E (Figure 5) .
Simulation of MSF to achieve a target c in each year (2001) (2002) (2003) (2004) (2005) (2006) (2007) showed that H increased considerably asc 4 and f 3 increased (Table 5) Figure 2 ). The combination ofc 4 and f 3 determined the magnitude of harvest reductions or gains for MSF in comparison with the historic harvests. For example, at a low f 3 of 40%, MSF harvests were lower than historic harvests in all years except 2001 (Table 5 ; Figure 6A ).
In contrast, at a high f 3 of 80%, MSF harvests were greater than historic harvests in several years (2001, 2002, and 2004) , particularly for higher values ofc 4 (Table 5 ; Figure 6B ). Thus, total MSF harvest estimates across 2001-2007 varied widely across scenarios, ranging from a reduction of 46% (i.e., when f 3 = 40% and c 4 = 40%) to an increase of 48% (i.e., when f 3 = 80% and c 4 = 60%; Table 5 ) in comparison with historic harvests. Escapement of SRFC natural spawners typically increased and the proportion of hatchery fish in escapements decreased with implementation of an MSF. Natural E increased for all MSF scenarios in all 7 years ( Figure 7) . Total increases across years ranged from a low of 24% whenc 4 was 60% to a high of 48% whenc 4 was 40% (Table 6 ). In contrast, the E of hatchery fish decreased for nearly all MSF scenarios (Figure 7) . Regardless of the assumed f 3 , higher MSF contact rates reduced the overall percentage of hatchery-origin adults in the total escapement for [2001] [2002] [2003] [2004] [2005] [2006] [2007] (Figure 8 ).
DISCUSSION
Our retrospective analysis of SRFC indicated that a broadly implemented MSF would have resulted in large increases in escapement of natural fish and (depending on the proportion of hatchery fish) potentially large declines in ocean harvest relative to the values for the historic, traditional fishery. Increasing the MSF contact rates (relative to historic values) resulted in higher MSF harvests but lower gains in escapement of natural SRFC, illustrating the fundamental trade-off between providing harvest opportunity and protecting natural stocks-objectives that MSF managers strive to balance (Hoffman and Patillo 2008) . Furthermore, we found that simulated MSF harvest and escapement were reasonably robust to all but a few key parameters, suggesting that the general outcomes of comparisons between the traditional fishery and MSFs follow straightforward and intuitive relationships that should be applicable to SRFC populations. Specifically, relative changes in harvest will be proportional to the number of marked hatchery adults that are available to the simulated MSF outcomes based on the historic contact rates. As a consequence of the relatively high historic contact rates, harvest decreased under the MSF, whereas natural escapement increased. However, if the default comparison had been between a restricted traditional fishery with minimal harvests and an MSF scenario with greater effort directed at marked (hatchery) fish, then under the MSF the harvest could have increased and natural escapement could have declined (i.e., if catch-and-release mortality under the MSF exceeds the traditional fishing mortality for natural fish). Actual MSF regulations would likely include catch quotas or season restrictions that are designed to constrain contact rates and incidental mortality on natural fish to within goals for weak stocks as mandated by PFMC. For example, MSFs for hatchery coho salmon off the coasts of Oregon and Washington are often constrained by the requirement that incidental mortality must remain under 15% for unmarked individuals (PMFC 2008b) . Thus, we are cautious when interpreting our results for SRFC. Our projections of harvest reductions or gains in natural escapement under an MSF do not necessarily imply good or poor performance; rather, they demonstrate expected outcomes that are dependent on historic conditions as well as assumptions of the hypothetical scenario.
Our results demonstrated that MSF harvest predictions depended critically on the hatchery fraction assumed for SRFC. Unfortunately, there are few cohesive data for determining the historical hatchery fraction. At an assumed f 3 of 40%, MSF harvest (1988 MSF harvest ( -2007 was 58% less than historic harvest, while at an f 3 of 80% the MSF harvest was only 16% lower than historic harvest ( Figure 4A ). Thus, a more informative evaluation of MSFs for SRFC will require improved estimates of the proportion of hatchery fish among ocean abundances. Although a 2-year study of otolith microstructure in ocean-caught Chinook salmon indicated that roughly 90% of the fish off the coast of California were of hatchery origin (Barnett-Johnson et al. 2007) , the spatial and temporal resolution of the sampling was limited. If the hatchery fraction is indeed that high in a majority of years, it increases the potential for an MSF to maintain or increase harvest and to increase escapements of natural stocks. A recent CDFG program to mark at least 25% of all CV hatchery Chinook salmon will soon supply the first opportunity to directly measure the hatchery fraction. Of course, hatchery fractions are likely to vary from year to year depending on the relative production of hatchery and natural juveniles and the environmental conditions that might uniquely affect their rates of survival to adult recruitment. Although we did not examine such year-to-year variability, the general implications for SRFC would be straightforward: annual MSF harvest will vary in proportion to the annual hatchery fraction and fishery contact rates.
A key determinant of potential increases in SRFC natural escapement under an MSF versus the traditional fishery is r. This parameter will largely determine the degree of indirect fishing mortality on unmarked (natural) fish that are caught but must be released in selective fisheries (Lawson and Sampson 1996; Coggins et al. 2007 ). The implications of catch-and-release mortality are not unique to MSF programs. Such mortality is currently experienced by sublegal-sized fish in fisheries that impose size restrictions and by all fish of species that are subject to nonretention fisheries (PSC 2004) . Thus, implicit in these existing regulatory measures is the assumption that r is sufficiently low to provide the protection that is intended for these fish.
Differences in SRFC harvest and escapement between an MSF and a traditional fishery will also depend critically on the relative contact rates applied in each case. In some instances, managers may, for example, increase effort in an MSF to harvest surplus hatchery fish when the hatchery fraction is high (Hoffman and Patillo 2008) , but this would be done at the expense of increasing incidental mortality on unmarked fish and reducing their escapement. Such trade-offs were evident for SRFC in our analysis of recent catch years under differing MSF contact rates (e.g., Tables 4, 5 ). On a fishery-by-fishery basis, the PFMC and the ESA consultation standards for harvest restrictions would set the upper limit for MSF contact rates to prevent depletion of weak stocks.
Our comparisons for harvest and escapement were robust to changes in many of the assumed cohort parameters. Although deconvolved estimates of abundance and contact rate were sensitive to annual variation in maturity and vulnerability rates, such variation did not translate into significant variability in simulated MSF harvest and translated into only modest variation in MSF escapement. The model structure ensured that historic (traditional) harvest and escapement were maintained; thus, uncertainty accrued only to MSF outcomes. Interannual variation in the simulated outcomes was essentially eliminated when results were examined as averages or totals across years. In essence, the model was internally consistent in that changes in parameter values that might affect MSF outcomes were simultaneously affecting the deconvolved estimates of abundance under the traditional fishery assumptions. Thus, changes in parameters that would affect traditional fisheries affected the MSF in a similar manner, often leading to little change in relative differences between the fisheries. Aside from the critical importance of the hatchery fraction in affecting simulated MSF harvest, the robustness of results to a wide range of parameter values suggests that our comparisons for SRFC are reasonably reliable and should be generally applicable to other Chinook salmon stocks, as discussed below.
Model Limitations
Our model contained simplifying assumptions and could be refined in several ways to provide additional insight. First, our calculations were aggregated across commercial and recreational ocean fisheries. For venues in which separate implications of MSF outcomes for recreational and commercial ocean fisheries (or their spatial or temporal strata) would be important, those evaluations would likely incorporate fisheryspecific parameters (e.g., c, r, v, l, and τ ) . For the purpose of our analyses, however, we would expect little difference in aggregate MSF outcomes from analyzing the fisheries separately. For example, we used the average commercial (75%) and recreational (25%) harvest proportions across years (Table 3) to derive the baseline r of 0.24 for the combined ocean fishery, given PFMC r-values of 0.16 and 0.26 for recreational and commercial fisheries, respectively (PFMC 2008b) . Among years, the proportion of recreational harvest ranged from a low of 14% in 1988 to a high of 42% in 2006 (Table 3) , implying a combined r ranging from 0.218 to 0.246 across years. Thus, accounting for variability across years in the composition of commercial and recreational harvest would result in trivial differences in r and simulated MSF outcomes (e.g., Figure 5B ). Similar conclusions extend to other fishery-related parameters (v, l, and τ ), none of which had a particularly large influence on MSF outcomes across broad ranges of parameter values (Figures 4, 5) .
Another key simplification of our model was the use of a single population to represent SRFC. This was reasonable given the aggregate nature of the SI (O'Farrell et al. 2008 ) and the paucity of data available for natural spawning populations of Chinook salmon within the Sacramento River. Clearly, managers will be interested in examining MSF implications for subpopulations when possible, and the modeling framework we used can be easily extended to numerous subpopulations. Once again, however, the partitioning of the natural and hatchery components of SRFC into subpopulations would not appreciably affect simulated MSF outcomes at the aggregate level we examined. The aggregate population (natural or hatchery) is, by definition, the sum of subpopulation cohorts. Thus, while cohort parameters and MSF outcomes may differ (perhaps considerably) among subpopulations, they still provide a consistent aggregate cohort parameter (and MSF outcome) that will be equal to the sum of the subpopulation parameters (and outcomes) weighted by the relative subpopulation abundances.
As our measure of escapement, we used the total in-river run of SRFC, which included river harvest across years (Table 3) . The river fishery could also be modeled as an MSF, whereby harvest outcomes would follow the same basic patterns found for ocean harvest. A potentially important effect of a river MSF on spawner abundances would be a further reduction in the proportion of hatchery fish (Figure 8) . Note, however, that the potential for an MSF to reduce the fraction of hatchery fish in escapements (Figure 8 ) was crudely measured in our analysis. We examined the fraction of hatchery fish in the total in-river escapement, but a large (though currently unknown) fraction of hatchery fish return to hatchery facilities within the basin, thereby reducing their proportions in natural spawning areas. Thus, the proportion of hatchery fish that are actually observed in spawning areas will depend on the relative abundances of natural spawners and the straying rates of hatchery fish that comingle in natural spawning areas. The new information that will be provided by the constant fractional marking program should yield much better insight into the SRFC hatchery fractions and straying rates, which will allow for much more precise inferences into the potential of an MSF to alter hatchery abundances in natural spawning areas.
Implications for Other California Chinook Salmon Stocks
Our analyses focused on SRFC, but under the simulated MSF scenarios, other natural populations of Chinook salmon would experience potential changes in fishing mortality and escapement. Chinook salmon stocks that share ocean distributions with SRFC include ESA-listed CV spring-run, CV winter-run, and CC stocks. The average age at maturity and the timing of river entry influence each population's exposure to ocean fisheries. Because harvest impacts are lower for CV spring-run and winter-run Chinook salmon than for fall-run Chinook salmon (Grover et al. 2004) , the relative increases in escapement experienced by spring-and winter-run stocks under MSFs would likely be lower than those simulated for SRFC. Spring-run Chinook salmon return to freshwater in the spring and thus avoid most ocean harvest during the year in which they mature. The limited data on age-specific harvest of spring Chinook salmon for the 1998 and 1999 broods indicate that the impact rate at age 3 averaged only 11% of the impact rate observed at age 4 (Grover et al. 2004 ). However, only about one-third of the fish matured at age 3, so those that remained in the ocean until age 4 experienced a full season of harvest at impact levels comparable to those of the SRFC. The CV winter-run Chinook salmon were harvested at even lower rates because they exit the ocean during winter of the year in which they mature, and therefore these fish entirely miss the last season of harvesting to which SRFC of the same age are exposed. Grover et al. (2004) estimated that on average, 96% of winter-run fish matured at age 3; individuals maturing at age 3 experienced an impact rate (in the prior summer) that averaged only 33% of the impact rate observed for fish remaining in the ocean to mature at age 4. Nevertheless, harvest impacts on spring-run and winter-run Chinook salmon are sufficiently high to be ranked as "very high" stressors to those populations according to the draft ESA recovery plan (NMFS 2009) .
The MSF scenarios we simulated would also reduce impacts and allow increased escapement of natural CC Chinook salmon and KRFC; each of these has been the weak stock for which constraints on ocean harvesting have been implemented in California and southern Oregon during some years. Much of the harvest constraint on these stocks has been imposed by restricted seasons within the KMZ, but even if such restrictions remained in place under MSFs, both stocks are harvested in fisheries north and south of the KMZ (NMFS 2000; KRTAT 2009 ). The National Marine Fisheries Service (NMFS 2003) determined that CC Chinook salmon would be sufficiently protected from jeopardy by harvest restrictions that kept impact rates under 16% for natural age-4 KRFC. California coastal Chinook salmon originate from streams south of the Klamath River and tend to be captured more to the south than KRFC (NMFS 2000) . Because their harvest vulnerability is believed to be intermediate to that of SRFC and KRFC (NMFS 2000) , potential decreases in impact rate and increases in escapement for CC Chinook salmon under an MSF would likely be between those for SRFC and KRFC.
APPENDIX: ESTIMATION OF RECRUITMENT AND CONTACT RATES FOR SACRAMENTO RIVER FALL-RUN CHINOOK SALMON
In a given year, the Sacramento index (SI) provides values of total harvest (H) and in-river escapement (E). As a cohort is propagated forward in time, values of age-4 and age-5 ocean abundance (N 4 and N 5 ) in year t are calculated conditional on previous values of age-3 abundance (N 3 ) and age-4 contact rates (c 4 ). Given values of H, E, N 4 , and N 5 in year t, the values of N 3 and c 4 in year t can be computed as follows.
First, we express H and E as the sums across ages (a = 3-5) defined in terms of the assumed cohort parameters (c, v, l, r, d, s, and m; (Kope and Botsford 1988) , the effect of these initial values will last only for a few years, after which the convolution will converge to identical time series of values {N 3, N 4 , N 5 , c 4 } regardless of the values of N 4 and N 5 in the first year.
